The optimal process of pre-treatment and activation of gold rotating disc electrode (AuRDE) before voltammetric determination of mercury is proposed. This treatment encompasses polishing of the electrode surface, electrochemical cycling, and activation. This procedure both increases determination sensitivity as well as improves determination reproducibility. The detection limit on the working electrode achieved using this approach amounted to 8.26·10
Introduction
Determination of mercury in trace levels in environmental samples is a very important task of analytical chemistry, because mercury is one of the most extended xenobiotic substances with the ability to be accumulated e.g., in sediments of water basins, rivers and especially in biological systems. Mercury can infiltrate to the food chain from pollution. Mercury in its elementary form exists scarcely in the earth's crust; it occurs mostly in minerals. When mercury appears in water, it is usually due to industrial pollution. The mercury in metal form has wide utilization in various fields of human activities. It occurs in different technical equipment, e.g., in quartz lamps, mercury discharge lamps, thermometers, barometers, batteries. The large volumes of mercury is utilized also for the manufacture of synthetic cinnabar, preparation of mercury fulminate and also in medicine in salve form for treatment of porokeratosis and in amalgam form in dental surgery [1] .
Different techniques have been used for the determination of mercury. The method of cold vapor atomic absorption spectrometry [2] is probably the most widespread. Many authors have used this method for determination of mercury in various environmental samples, e.g., in water [3] , urine [4] , gasoline [5] , or in fishes [6] achieving detection limits from 0.1 to 2.1 µg L −1 . Also the gas [7, 8] and liquid [9] chromatography with different detecting systems or capillary zone electrophoresis [10] have been applied for mercury determination. But all mentioned methods are instrumentally complicated and also sample preparation is often complicated too. The electrochemical techniques, especially anodic stripping differential pulse voltammetry, have been used extensively for metal ions analysis. These methods exhibit the advantages of minimal or no sample pre-treatment, short analysis time, low cost instrumentation and high sensitivity, they are readily automated and compact [11] . Various voltammetric methods using solid electrodes were described in literature. The lowest reported detection limit (5·10 −14 M) was achieved with glassy carbon electrode in thiocyanates as the supporting electrolyte [12] . A detection limit of about 10 −12 M, was achieved with a glassy carbon electrode modified by a crown ether, as was presented in [13] . More attention has been paid to the modified carbon electrodes for trace metal analysis as well as for mercury determination in recent years, and many modifiers have been employed: ion exchangers (zeolite [14] , anion exchanger Amberlite LA2 [15] ), complexing agents (polymeric films [16] [17] [18] , dimethylglyoxime [19] ), gold films [20, 21] , etc. Aside from the various types of carbon electrodes used the metallic working electrodes also proved to be suitable for mercury determination. Platinum disk electrodes have been used for mercury determination by open circuit adsorption stripping voltammetry with a detection limit of 1.2·10 −8 mol L −1 [22] . More frequently the gold electrode has been applied for anodic stripping voltammetry of mercury [23] [24] [25] .
The main disadvantage of solid gold electrodes are the structural changes of the gold surface, which can result in deterioration of measurement reproducibility and decrease of determination sensitivity. The same phenomenon was observed also for the gold composite electrodes as seen in paper [26] , where the authors propose electrochemical cycling for renewing and activation of the composite electrode surface. The effects of gold electrode surface changeability on mercury determination were solved in detail in [27] . This paper described the pre-treatment of the gold electrode in three steps. First, the electrode is polished with emery paper then with alumina powder on a polishing wheel to mirror-like surface. The polished gold electrode is then activated by applying an electrical current (150 mA cm −2 for 60 s) between the working and counter electrodes in the supporting electrolyte (10 mM HNO 3 and 10 mM NaCl) in a second step. More than 100 mea-surements can be performed between pre-treatments and only rarely is it necessary to repolish the electrode with alumina powder [27] . The identical process of activation was used also in the determination of copper using gold electrode [28] . The third step represents the regeneration of the gold electrode surface, which is reported in [27] , realized applying conditioning potential 0.9 V for 10 s before each measurement. Applying the above-mentioned activation and regeneration conditions, the detection limit for mercury to 5·10 −11 mol L −1 was obtained (accumulation time of 120 s) as has been previously reported [27] . The main problem of such an activation process are the high requirements on the instrumental equipment. Different electrochemical analyzers do not enable the application of such high current values (150 mA cm −2 ). Therefore in the present paper, the generally applicable procedure of the gold electrode surface renewing and activation was proposed and optimized. The other important problem of mercury determination consists in interferences of copper [29] and of complicated matrices, e.g., in waste-water samples, which affects significantly the process of mercury oxidation. In the present paper, the two-step procedure, enables the determination of mercury in copper abundance, is developed and the method of quantitative mercury isolation from waste-water matrix, combining cold vapor method with voltammetric determination, is being proposed.
Experimental

Instrumentation
Electrochemical measurements were carried out using electrochemical analyzer EP 100 (HSC Service, Bratislava, Slovakia). A gold rotating disc electrode (AuRDE) with the rotating speed 1500 revolutions per minute served as the working electrode (HSC Service, Slovakia), saturated Ag/AgCl was used as the reference and the platinum wire as the auxiliary electrode (both from Monokrystaly, Turnov, Czech Republic). The isolation of mercury from water samples after its reduction and its consecutive capture on transfer gold electrode was realized in an apparatus composed of a stripping cupping-glass with different volumes (20, 100, 250, 200 , 1000 and 2000 mL), sorptive test tube in which the transfer gold electrode was placed. These compounds were gas proof (hermetic) connected. The transfer spiral electrode was made from a gold wire with length 600 mm and diameter 0.6 mm. The electrode was connected with polarographic analyzer by platinum contact. All described measurements were realized at room temperature (20 ± 2 • C).
Electrochemical procedures
AuRDE was first polished on alumina (1µm) (Monokrystaly, Turnov, Czech Republic).
It was necessary to re-polish the electrode surface less than once every month or two. The electrode was than treated by insertion of the electrochemical cycles between po-tentials from -0.4 V to +0.7 V in a solution of 0.1 M HClO 4 and 2.5 mM HCl. The cycling was repeated up to registration of a reproducible signal. In this way the newly prepared surface of AuRDE was activated by insertion of positive potential +1.2 V for 2 s. This activation step was repeated also less than once a month. It corresponded with the stability of the measurement sensitivity, which was kept by applying of final measurement potential (E Cl = E fin ) +1 V. This potential value served simultaneously for the cleaning of the electrode surface and also for its continuous activation. Anodic stripping differential pulse voltammetry (AS DPV) (pulse width 80 ms, pulse height +80 mV and scan rate 25 mV s −1 ) was used for direct mercury determination. Experimental conditions of direct mercury determination using AuRDE as follows: supporting electrolyte -0.5 M HCl, E in = +0.38 V, E fin = +1.0 V, E acc = +0.4 V, t acc was changed according to the mercury concentration in the analyzed sample. Determination of Hg in presence of high concentration of copper using two-step procedure was realized under the same experimental conditions as the direct analysis, only with the insertion of the step corresponding to the copper stripping from the electrode surface (E Custrip = +0.45 V, t Custrip = 4 s) and transfer of the electrode to the clean electrolyte before anodic scan.
Reagents
All chemicals used for preparing the base electrolyte, standard solutions and other stock solutions were of purity p.a. and shipped by Sigma-Aldrich, Prague, Czech Republic and Lachema Brno, Czech Republic. Measurements were performed in two supporting electrolytes 0.5 M HCl or 0.01 M NaCl + 0.01 M HNO 3 . All stock solutions for experiments were diluted from 0.1 M standard solutions of Hg 2+ and Cu 2+ . For the stabilization, 1 mL of 65 % HNO 3 was added to the 100 mL mercury standard solution. The 10% solution of SnCl 2 in 0.5 M HCl served for Hg 2+ reduction. The contamination of this solution by mercury was eliminated by bubbling using argon for 15 minutes.
Results and discussion
Pre-treatment of AuRDE before and during voltammetric measurements
A gold rotating disc electrode was first polished using the polishing polyurethane stocks and soft polishing Al 2 O 3 powder (particle size 0.3 µm) to the smooth gold surface (like mirror). After this mechanical treatment, the electrode surface was treated automatically by insertion of the electrochemical cycles. The cycling was repeated up to registration of the reproducible signal. At the daily used AuRDE, these described processes of electrode surface renewing should be repeated less than once a month. Cleaning and simultaneously the activation of the electrode surface was realized during the previous scan by scanning the potential toward positive values (E Cl = E fin ). The value of this potential seems to be the first very important parameter. This po- 
tential significantly affects the measuring ability of the working electrode (i.e., AuRDE). It increases and/or maintains determination sensitivity and simultaneously affects the number of realizable reproducible measurements. It was experimentally proven that the peak height of the peak corresponding to the mercury oxidation depends on the value of the cleaning potential (final potential of previous measurement respectively) which is obvious in Fig. 1 . The measurements were carried out under the experimental conditions given in the legend for Fig. 1 (E in = 0.1 V, E acc = 0.1 V, t acc 30 s, supporting electrolyte composed of 0.5 M HCl and with mercury concentration 1·10 −7 mol L −1 ). Between the final potentials from +0.6 V to +0.8 V, the peak height does not change and the electrode sensitivity is low. The rapid increase of the peak height occurs at the potential +1.0 V and continues to +1.2 V. Simultaneously, the peak shape became better developed. Applying more positive final potentials causes the deterioration of the signal, curves became fuzzy, and the height of the anodic peak decreases. According to these results, the cleaning potential (final potential of the previous measurement) value +1.2 V seems to be optimal for voltammetric measurements with AuRDE. The following experiments were focused on durability and stability of AuRDE under different experimental conditions. The solution of 1·10 −7 M Hg 2+ was analyzed repeatedly under the same, above-mentioned conditions, only the final (cleaning) potential was changed. Applying E Cl +1.2 V, it was possible to measure only 15 voltammetric curves, because the electrode surface was covered by brown film, the signal was gradually failing and it was necessary to polish the electrode surface before next measurements. The better situation was achieved by application of E Cl +1.1 V, which allowed 35 -40 repetitive measurements before electrode surface failing. When E Cl +1.0 V was used, it was possible to measure 150 and more curves, the recorded signals were stable, reproducible and well developed. Therefore, this potential value can serve as final (cleaning) potential. 
The sensitivity of mercury determination applying ECl +1.0 V, was not as good as applying +1.2 V. Therefore we tested a different way of the electrode surface activation, in which we combine all the above-mentioned results. It was investigated, whether it is sufficient to insert the activation step, consisting of a 2 s application of +1.2 V on the electrode before start of the work only. Fig. 2 shows the changes of the electrode sensitivity of four cleaning potentials (+0.7, +0.8, +0.9 and +1.0 V) in mercury solutions. As it is seen in Fig. 2 , the sensitivity of the electrode increases approximately four times after activation, in comparison with measurements without activation applying final potential +0.7 V, however the repeated measurements at the same conditions (+0.7 V), without repetitive activation by insertion of potential 1.2 V, voltammetric signal again decreases. Very similar development of the peak height was observed using E fin +0.8 V, but the stability of the electrochemical signals increases with increasing cleaning potential, as is seen from Fig. 2 . The most positive potential, which does not damage the electrode surface, was value +1.0 V. Also the stability of peak height was the best for this potential. Therefore, all following measurements were realized applying activation potential +1.2 V for 2 s once a 3 or 4 weeks and with cleaning potential +1.0 V. These parameters seem to be the best pre-treatment conditions for optimal combination of sensitivity and durability of the gold rotating disc electrode for mercury determination. Between the measurements the electrode was stored in distilled water and it was not necessary to realize any activation or cleaning step. 
Optimizing of mercury determination conditions in water
The parameters of accumulation can also affect significantly the mercury determination in water. Especially, the value of accumulation potential affects the peak height and mainly the shape of obtained curve, as is shown in Fig. 3 . The choice of proper potential of accumulation can minimize or completely eliminate the interferences of various components from sample matrix, e.g., the influences of small copper amounts (concentration usual in drinking waters), what is obvious from Fig. 3 (peak corresponding to the Cu oxidation at the potential +0.4 V). Using E acc +0.4 V the anodic peak of mercury oxidation is very well developed and is not influenced by the presence of small amounts of copper (which is commonly present in water). Optimal time of accumulation dependences on mercury concentration in the sample and its value moved in range from 5 to 400 s. In Fig. 4 , the example of the dependence of peak height on the time of accumulation is documented for concentration of Hg The example of the linear concentration dependence of mercury (R = 0.9993), obtained using the AuRDE and applying the proposed electrochemical pre-treatment of the electrode surface and optimized experimental conditions is shown in Fig. 5 . For verification of this voltammetric method of mercury determination in water samples, various repetitive measurements were curried out with standard solutions containing different Hg 2+ concentrations, which were prepared by addition of these ions into distillated water. Results including real concentrations, determined concentrations (averages from five repeated determinations of the same solution) and relative standard deviations summarized in Table 1 . It is possible to conclude that the measurements were repeatable, relative standard deviations never exceeded 5%. It is obvious that achieved limits of detection are obviously dependent on inserted accumulation time. Applying the above-mentioned conditions of mercury determination, the calculated limit of detection for 200 s accumulation was 8.26.10 −10 mol L −1 . 3.3 Determination of Hg in presence of a high concentration of copper using two-step procedure As was mentioned above, the presence of copper in samples represents a problem for voltammetric mercury determination, because its anodic peak lies at the potential +0.4 V vs. Ag/AgCl, (using gold working electrode), which means it is very close to the mercury response. The influence of copper on determined mercury concentration is demonstrated in with mercury concentration in a sample practically does not affect the determination; it does not evoke significant error. If the amount of copper exceeds ten times the amount of mercury, it is necessary to take these interferences into account. The copper anodic peak affects the shape of the mercury peak and it makes impossible the correct evaluation of peak height for calculation as is obvious from Fig. 6A . Using the above-described direct determination process for this sample (c (Hg) = 5.10
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the determination error amounted to 42%. Therefore the following experimental work was focused on copper interference elimination. Fig. 6B shows the experiment with inserted stripping step for accumulated copper. After the accumulation at optimal accumulation potential for mercury determination the stripping potential 0.45 V was inserted for 4 s. During this time, copper accumulated simultaneously with mercury, is stripped from the electrode surface, but the mercury stays accumulated. Then at the same solution, potential scan was applied (from 0.38 V to 1.0 V) and voltammetric curve recorded. As is seen from Fig. 6B , this reduces significantly the determination error. This procedure can be sufficient for lower copper concentrations in samples, but the influence of higher amounts remains and causes wrong results (in the previously-mentioned sample the determination error decreases only to 17% due to high copper concentration in analyte). Therefore, the two-step procedure of mercury determination was proposed. First step contains accumulation of the analyte (together with copper) on the electrode surface from supporting electrolyte (0.5 M HCl) applying accumulation potential +0.4 V. Dissolving of Cu from the electrode was realized in the same solution at the potential corresponding to Cu oxidation (+0.45 V for 4 s). Up until this point the procedure is the same as it was previously described. The second step includes the rinse and moving of the electrode to the polarographic cell with supporting electrolyte (0.5 M HCl), where the anodic oxidation of accumulated mercury is performed. Voltammograms obtained by this twostep procedure for the same water sample are demonstrated in Fig. 6C . The interference of centuple amounts of copper in sample was completely suppressed and determination error decreased to 1 %. The reproducibility of such proposed two-step procedure was very good and the relative standard deviation of repeated measurements did not exceed 5%.
Method of mercury isolation from complicated sample matrix
With respect to the valid standards, it is important to determine their very low concentration in real samples. However, the determination is often complicated by interferences of other components of the sample. In this work we proposed electroanalytical procedure of their elimination, based on principles of the cold vapour method. Ionic mercury is converted to the metallic mercury using a reducing solution SnCl 2 ; then it is stripped by air and caught up on the surface of the transfer gold electrode. Stripping air in apparatus circulates; this fact provides the quantitative mercury separation. In this way, isolated mercury is then electrochemically stripped to "pure" supporting electrolyte and quantitatively determined on the basis of obtained stripping peaks areas. The example of adsorbed mercury dissolved from the transfer electrode is shown in Fig. 7 . Curve number 1 represents the stripping peak of mercury separated from water and curve 2 is the second control measurement from the same sample, which documents the quantitative running of mercury isolation from sample matrix. -stripping mercury peak, 2 -second control measurement from the same sample, which documents the quantitative running of mercury isolation from sample matrix.
The anodic mercury oxidation was carried out in a medium of 0.01 M NaCl and 0.01 M HNO 3 under the same experimental conditions described in chapter 2 for AuRDE (supporting electrolyte -0.01 M NaCl + 0.01 M HNO 3 , E in = +0.4 V, E fin = +1.0 V, scan rate 25 mV s −1 ). The time necessary for quantitative mercury isolation was determined experimentally from 10 to 60 min., depending on the sample amount (it was in range 10 -2000 mL). The optimal conditions of electrochemical activation of the transfer electrode are as follows: the gold electrode should be polarized by potential 2 V for 2 s before every analysis. Thereby the treated transfer electrode yielded reproducible stripping curves usable for mercury determination. The results achieved for repeated mercury determination in the same samples (repeated determination, 10 mL of the sample was used for isolation of mercury, isolation time 15 minutes) are summarized in Table 3 . It is obvious that the experimental error did not in the main part get over 5% and the relative standard deviation of repeated determinations is 3.6%. For the evaluation of mercury concentration in unknown samples calibration curves were run. Fig. 8 represents the dependence of the areas (A) of stripping peaks in digital units (d.u.) of a transducer on mercury amount in nanograms in range from 20 ng to 120 ng of mercury isolated always from 1 L of water, which is linear. Applying a computer program ADSTAT [30] the limit of determination was calculated to 12.5 ng and limit of detection to 3.56 ng of mercury. It means in case of mercury isolation from one liter of water the detection limit is 6.23·10
−11 mol L −1 achievable, however analyzing greater sample volume the determined concentrations could be much lower. Using the abovementioned calibration curve real water samples were analyzed. For determination in three samples of drinking water and one sample of rainwater, mercury was isolated from 500 mL of water and the time for isolation was 60 min. For analysis of waste water, 50 mL of the sample and the isolation time of 30 min were used. The obtained results are listed in Table 4 . It is possible to conclude that the found contents of mercury in drinking waters did not get over the by standards given limit, i.e., 1 µg L −1 . Determined mercury concentrations are also in agreement with the data published in [31] , which declare the average mercury concentration in drinking water in the Czech Republic is in the range 0.1 -0.2 µg L −1 . The mercury content in waste water (before its entry into the sewerage plant) was significantly higher.
Conclusion
The aim of this work was to propose an electrochemical method for the sensitive determination of mercury in water samples using a gold rotating disc electrode and to develop a procedure of mercury isolation and its determination in complicated matrices (i.e., in waste water samples). The first part of the article was focused on the pre-treatment of the working electrode (AuRDE) before and during voltammetric measurements. Final pre-treatment conditions represent acceptable compromise of sensitivity and of working life of the gold rotating disc electrode. Activation of AuRDE was performed in the supporting electrolyte by insertion of potential +1.2 V for 2 s only once in 2 or 3 weeks. The second important parameter, was cleaning potential (final potential of previous measurement respectively), which affects the long-term sensitivity value and working life of the electrode. Optimizing of the other experimental conditions, the detection limit for direct mercury determination in water samples was calculated to 8.26·10 −10 mol L −1 . The problem of copper interferences was solved by application of a two-step procedure including stripping of accumulated copper and the electrode transfer to the "pure" supporting electrolyte, where mercury oxidation was realized. The described process of voltammetric determination of mercury was applied for analysis of real water samples from various ponds, water wells, rivers. The obtained results gave good reproducibility and the relative standard deviation did not exceed 5%. The last part of this paper deals with problems connected with interferences, e.g., of various organic compounds in waste water. The new procedure based on combination of voltammetric measurements and cold vapour method was proposed and tested. The most important thing is the quantitative mercury isolation from the sample, which ensures very good selectivity and increase of sensitivity of mercury determination as well. In case of mercury isolation from one liter of water, the limit of detection amounted to 6.23·10 −11 mol L −1 , however processing larger sample volumes the determined concentrations could be much lower. For the ensuring of the results reliability, it is necessary to devote enhanced attention to the activation of transfer gold electrode, to the verification of its calibration, and last but not least, to the cleanliness and tightness of the stripping apparatus.
